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Abstract
The theoretical calculation for nonlinear refractive index n2 in
Cr
2+
: ZnSe - active medium predicts the strong defocusing cascaded
second-order nonlinearity within 2 - 3 µm spectral range. On the ba-
sis of this result the optimal cavity conguration for Kerr-lens mode
locking is proposed that allows to achieve a sub-100 fs pulse duration.
The numerical simulations testify about strong destabilizing processes
in the laser resulting from a strong self-phase modulation. The stabi-
lization of the ultrashort pulse generation is possible due to spectral
ltering that increases the pulse duration up to 300 fs.
1 Introduction
The intensive investigations of the Cr
2+
-doped laser media testify about their
high potential in the tunable generation in mid-IR between 2  5 m. A
special interest is connected with Cr
2+
: ZnSe  active medium due to its
excellent material properties: high thermal conductivity which is close to
that one of YAG, the absence of excited state absorption, and very broad
gain band which allows for tunable generation in 2  3 m range. The latter
is very attractive for a lot of applications: remote sensing, spectroscopy,
ophthalmology, and neurosurgery.







ZnSe lasers was demonstrated with InGaAs and Tm:YALO laser pumping,
1
which demonstrated high eciency and favorable lasing abilities of this active
crystal.
A very interesting property of Cr
2+
: ZnSe is the high coecient of the
nonlinear refraction
3
that results from the relatively small bandgap, i. e.,
in fact, from the semiconductor nature of the material. As it is known,
the higher nonlinear refraction is favorable to self-starting of Kerr-lens mode
locking
4
. The decrease of Kerr-lens mode locking threshold allows to sim-
plify the laser conguration, to improve the ultrashort pulse stability, and
to increase the lasing eciency. Another advantage of Cr
2+
: ZnSe as media
for ultrashort pulse laser is a very broad gain band, which can support the
generation of 12 fs pulses.
However, high nonlinear refraction coecient is the source of some short-
comings. As it was shown
5
, the Kerr-lens mode-locked lasers demonstrate a
variety of unstable regimes that can destroy the ultrashort pulse and prevent
from the pulse shortening.
Here, for rst time to our knowledge we analyze the Kerr-lens mode lock-
ing abilities of Cr
2+
: ZnSe laser. The analysis of ZnSe nonlinear properties
is presented that is necessary for an optimization of the laser design and for




2 Nonlinear refraction in an active medium
As it is known
3
, the two-photon absorption, Raman scattering and Stark
eect strongly contribute to nonlinear refractivity in semiconductors. The
main parameter, which denes a value of nonlinear refraction coecient n2,










Here n0 is the linear coecient of refraction; Ep = 21 eV for the most of
direct gap semiconductors; K = 1:510−8 is a material-independent constant;
G2 is the function depending only on the ratio of photon energy and the
energy gap of the material. For ZnSe Eg = 2:58 eV . For G2 we used the
following approximation in the below bandgap region:







which was obtained from experimental data presented in Ref
4
. In addition to
2
dependence of G2 on wavelength, we have to take into account the dispersion
of n0. For ZnSe the next approximation is valid:
n0 = 2:4215 +
0:4995  10−7







(here  is in meters). A resulting dependence of n2 on wavelength is shown
in Fig. 1. There is a strong Kerr nonlinearity producing self-focusing eect.
The value of n2 exceeds the typical values of the most of dielectric crystals
by two orders of magnitude.
However, this is not sucient for the estimation of the nonlinear proper-
ties of ZnSe. Despite the fact that ZnSe has cubical lattice, there is not center
of inversion in crystal. As result, the medium possesses the second-order non-
linear properties. The corresponding nonlinear coecient d = 80 pm=V 6.
Although there is no ecient frequency conversion, the existence of second-
order nonlinearity can strongly contributes to the nonlinear refractivity due
to so-called cascaded second-order nonlinearity, which can be used for Kerr-
lens mode locking
7
. Usually, change of the index of refractivity has non-Kerr
character, but the Kerr-like approximation n = n0 +n2I (where I is the eld










; ∆k = 2k0 − k2ω; !, k0 are the fundamental frequency
and wave number, correspondingly; n2ω, k2ω are the linear refractive index
and wave number for the second harmonic. Our calculations showed, that
the Kerr approximation for ZnSe is valid up to intensities of 2:2 TW=cm2 at
2 m and 600 GW=cm2 at 3 m, and it is used throughout present work.










Note, that in the case of the normal dispersion of n0 the nonlinearity
due to second-order nonlinearity has a defocusing nature. The dependence
of n2 on the wavelength is shown in Fig. 2. One can see, that the nonlinear
refraction is very strong. As result of the joint contribution of third- and
second-order nonlinearities, a net-coecient of nonlinear refraction is shown
in Fig. 3. The nonlinearity is focusing up to 1.2 m and defocusing in mid-IR
range. An experimental value of n2 measured at 1.06 m demonstrates an




The obtained value of n2 enables us to estimate a mode locking eciency
due to Kerr-lensing. We have used the method presented in
8
: for each
xed value of the focal length of the mirror M2 (see Fig. 4) we varied a




, where T is the eective transmission of the hard aperture.
This parameter denes the inverse saturation intensity of the ecient fast
saturable absorber, induced by joint action of Kerr self-focusing in active




 10−10 − 10−12 cm2=W . In the case of ZnSe the modulation
parameter is shown in Fig. 5. It is seen, that the Kerr-lensing eciency in
this case is higher by two orders of magnitude. It is interestingly, that the
defocusing nature of the nonlinearity does not aect the process of the cavity
optimization essentially: the change of the sign of n2 only slightly aects
the position of active medium and folding distance. The optimized cavity
conguration is shown in Fig. 4.




suggest a good Kerr-lens mode locking ability of Cr
2+
:
ZnSe  laser. However, the strong self-phase modulation while being the
positive factor facilitating self-focusing, can, on the other hand, destabilize
an ultrashort pulse generation due to automodulational instability
5
. In order
to estimate the mode locking stability in Cr
2+
: ZnSe  laser we performed
the numerical simulation on the basis of uctuation model and distributed





 + (tf + iD)
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)
a;
where a is the eld, z is the longitudinal coordinate,  is the saturated
by full eld energy gain coecient, tf is the inverse bandwidth of the spec-
tral lter, D is the net-group delay dispersion,  = 2pin2zg
λn0
is the self-phase
modulation parameter, zg is the active medium length, γ is the diraction
loss, dened from conguration of laser,  = ∂T
∂I
.
The strong self-phase modulation and self-focusing dominate over the
gain saturation. The last factor provides the negative feedback in laser that
stabilizes ultrashort pulse. The critical parameter dening the ultrashort
pulse dynamics is  =
tf
βEs
, where Es is the gain saturation uency. The
decrease of this parameter worsens the pulse stability. To comparison, in
4
ZnSe  is ten times lower than in Ti: sapphire. Therefore, to obtain the
stable pulse generation, we have to increase  e.g. by increasing tf . The
stable pulses were obtained for tf = 120 fs. The pulse duration was about
300 fs for 800 mW absorbed pump power. An additional stabilization factor
is the minimization (down to zero) of net-dispersion.
The character of the pulse destabilization needs some comments. The
typical scenarios are shown in Figs. 6  8. The pulse behaviors presented
here were calculated for the same set of the laser parameters but for dierent
initial noise samples. There are the possibilities for multipulse generation
(Fig. 6), generation of the breezer-like pulse and its subsequent disintegration
(Fig. 7), and the collapse of the pulse into several pulses (Fig. 8). Note,
that breezer-like pulse is formed without action of the soliton mechanism in
laser because of net-dispersion in this case is close to 0. The regime depicted
in Fig. 8 is characterized by low-frequency modulation of the generation
spectrum that at last leads to the pulse collapse. It should be noted, that
the generation of the stable single pulse is depended on the random noise
sample, too.
5 Conclusion
The analysis of the nonlinear properties of ZnSe  crystal was performed. It
was found, that the strong second-order cascading nonlinearity in the com-
bination with third-order phase nonlinearity causes a strong focusing Kerr
nonlinearity in near-IR and defocusing quasi-Kerr nonlinearity in mid-IR
ranges. As result, the eciency of the Kerr-lensing in active medium is
two-three orders of magnitude higher than in typical active media of fem-
tosecond lasers. The optimal cavity conguration for Kerr-lens mode locking
was found. But, as the analysis testies, the main problem of the ultrashort
pulse generation in Cr
2+
: ZnSe  laser is the pulse destabilization due to
strong self-phase modulation. This requires to decrease the bandwidth of
spectral lter. The last allows to generate 300 fs pulses. The self-start of
Kerr-lens mode locking has a statistical character, that is depended on the
noise sample. The investigation of the pulse destabilization testies about
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M2, f = 3 cm 
 








































































































































Figure 6: Pulse train
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Figure 7: Pulse train
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Figure 8: Pulse train
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